Progress in wide bandgap technology  by Alan Mills, Dr.
The developing list of wide gap substrates for 
device production is remarkable compared 
with a few years ago and continues to provide 
new device design possibilities. For GaN it 
ranges from the largest volume (and hetero) 
materials, sapphire and SK (both available in 
2”- 4” diameters and used for commercial 
devices) to homo and hetero substrates that 
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now include four compound materials; alu- 
reports from 
minium nitride (AIN), gallium nitride (GaN), 
silicon carbide (SIC), and zinc oxide @no). 
San Francisco. These are all available commercially, but in 
varying stages of size, unit volumes, surface 
and defect qualities. Additionally, a fifth sub- 
strate has been announced in the form of 
HVPE-grown aluminium gallium nitride 
(AIGaN) available in development quantities. 
Their production processes include several 
types of vapour phase epitaxy, vapour phase 
transport, crystallisation from the melt and 
solution growth. Since they are all wide gap 
materials, these production methods are all 
high temperature processes and some require 
high pressures. 
Progress in wide 
bandgap technology 
For nitride device growth, most of these sub- 
strates may be needed in the future, because lat- 
tice matching varies even within alloy groups 
and thermal conductivity is often a very impor- 
tant factor. Obviously, GaN wafers match GaN 
epi-layers but they are not lattice matched to 
high-incontent InGaN or high Aluminium con- 
tent AlGaN, but AlGaN or AlN substrates are. 
ZnO is available in 2” diameters and a reasonable 
match for GaN, but epi-growth problems persist 
in this hetero-material system. Most of these sub- 
strates have good thermal conductivity, (better 
than silicon!) but not as good as Sic. 
Additionally, short wavelength transparency is 
not always present when needed (GaN & Sic are 
not tmnsparent to all UV wavelengths). Sic has 
the most mature growth technology of these 
wide gap substrates, with available wafer diame- 
ters increasing from 2” to 4” during the last ten 
years and 3” diameter already in use for some 
device productionThe other wide gap wafers 
are available in 2” diameter or smaller sizes. 
At the recent MRS Spring meeting in San 
Francisco, some of the latest aspects of these 
materials and device technologies were report- 
ed, combinations leading to an impressive list of 
new achievements.These range from new prod- 
uct classes to the latest high power densities, to 
radical weight reductions for military electronics 
(e.g. from 1501b @ 4OOHz to 51b at the highest 
frequencies), to improved detector sensitivities 
and new levels of radiation detection. 
Substrate developments 
Two other wide gap ‘home’-substrates (GaN 
and AlN) are now commercially available in 
small quantities, but all have the same drawback 
of high costs, compared with silicon, gallium 
arsenide and indium phosphide. However, several 
growth markets, military and commercial, await 
the high performance derivable from wide gap 
materials based devices. 
Thus, the prescient availability of Sic, GaN on 
Sic, GaN on GaN or AlGaN and AlGaN on AR&N 
widegap device growth technologies plus the 
demonstration of high power densities (greater 
than 10 watts per millimetre in GaN by such 
institutions as Cornell, Cree, HRL and UCSB), 
portend an exciting future for high temperature, 
high power and high frequency device electro- 
nics. For example, recent work reported by Jeong 
Sun Moon from Hughes Research Laboratories 
covered 150nm gate AlGaN HEMTs with fts of 
67GHz and an rmax of 12OGHz.These recessed 
gate GaN devices were fabricated on Sic by RF 
assisted MBE growth and go a long way toward 
the development of viable millimeter wave 
devices. I60 GHz devices are now being made 
and at these frequencies GaN is approaching 
the performance of GaAs and InP, although the 
noise factors are not quite as good. However the foreseeable future, particularly since these 
GaN can operate at higher voltages and with power devices can operate at high temperatures 
simpler system circuitry (no off chip limiters), and do not suffer from large reverse recovery inef- 
where the overall system noise factor is lower. ficiencies typical for silicon when switching. 
ttf;miiurn gallium nitride 
Vladimir Dimitriev, from TDI Inc, described the 
production of the first AlGaN free-standing 
wafers by HVPE growth (hydride vapour phase 
epitaxy) on 2” Sic substrates and similar to one 
of the first reported GaN wafer production 
processes.The Sic is removed by reactive ion 
etching and the resulting AlGaN wafers, up to 
lmm thick, have diameters of up to 20mm. but 
more often in the 15mm mnge.They contain 
about 35% aluminium, as determined by X-ray 
and cathode luminescence measurements. Up to 
now the wafer sizes are limited by cracks that 
occur during the growth process. Defect densi- 
ties are the highest value at the interface 
between the Sic and the deposited AlGaN and 
decrease during the growth process with the 
lowest defect densities being in the lOE8 to 
10E9/cm2 range in the top 0.5mm of wafers 
(away from the interface). 
Silicon carbide developments 
Silicon carbide wafer growth technology has 
improved considerably over the last decade and 
although epi-layer growth rates are quite accept- 
able (2 to 4 microns per hour for cold wall reac- 
tors and above 4 microns per hour for hot wall 
reactors) the overall epi- processing has lagged 
wafer production technology because most epi 
reactors in service are small (one to three 2” 
wafer capacity). Unfortunately it could be the 
ubiquitous chicken/egg situation - is Sic reac- 
tor development waiting for the market to attain 
larger device volumes? or - are larger SIC 
capacity epi-reactors (and their resultant lower 
device prices) needed to drive market growth? 
In the last decade (1992 to 2002) Sic wafer diam 
eter availability has increased from 2” diameter to 
4”, which together with improved wafer quality 
(micropipe densities below 30/cm*) have made 
commercial large area power device chips 
(lxlcm) a reality. But, in spite of these advances, 
quality improvements in such areas as micropipe 
densities, dislocation densities, surface finish and 
poly-type control are still needed to improve 
device yields. However, one thing is clear, Sic chip 
markets are developing and will remain strong for 
Sic device development continues as exemplified 
by Anant Agarwal et al from Cree Inc, in coopera- 
tion with RF’I, who described the development of 
a new 13OOV/17A bipolar junction transistor (BJT) 
developed on 4Hcarbide substrates.With an on- 
resistance of 8 milliohms per cm*, the relatively 
thin base 1.3kV BJTs (about 100nm) delivered an 
on-state current of 17A at a collector emitter volt- 
age of 2V and the best SIC power switching per- 
formance ever reported for this voltage range.The 
BJT had a maximum current gain of 11 at room 
temperature, which fell to about 7 at 200°C. At 
room temperature, the aluminium dopant is only 
about 10% ionized, but increasing to 50% ioniza- 
tion at 250°C a feature that cancels the increased 
minority carrier lifetimes, reducing the possibility 
of thermal runaway and thus making the parallel- 
ing of these devices relatively simple. Operating 
voltages of 2 to 3kV are envisaged in the future 
and the Office of Naval research has a keen inter- 
est in this technology. 
In the ‘We-don’t-believe-it’ category comes metali- In the ‘We-don’t- 
sation without metals. I Salama and A Kar from 
the University of Central Florida described their believe-it’ 
metalisation of Sic with out the use of a metal. In 
this work, neodymium-YAG (532 Sr 1064nm) and 
category comes 
excimer (193,248, & 351 nm) lasers were used to metalisation 
irradiate silicon carbide in inert gas ambients for without metals. 
the in situ metalisation and doping experiments. 
In 4H- and 6H-SiC substrates direct laser writing 
produces conductive traces or areas in both p- 
and n-type substrates where the electrical con- 
ductivity is four orders of magnitude higher than 
the original Sic wafers and the temperature varia- 
tion of the resistivity exhibits a metallic behav- 
iour dependant on the poly-type used.The room 
temperature Schottky barrier heights between 
the metalized surface layer and the original n-type 
Sic (dopant concentration lOE18 per cm3) were 
found to be 0.8eV by current-voltage and 1 .OeV 
by capacitance voltage measurements.The 
process allows the formation of interconnection 
contacts without the use of metals that were sta- 
ble in the 300°- 600°C range. 
Substrate surface doping was achieved by laser 
irradiation of the wafers in the presence of 
trimethyl aluminium for p-type or nitrogen for n- 
type areas using the inert gas carriers. SIMS pro- 
file measurements indicated a 500nm depth for 
n- Al, ,,GaN 0.8 nm 
n+ Al o.a&aN 0.2 nm 
n+ GaN 0.6 nm 
undoped GaN 0.5 nm 
A,N nuc,eation - ------------------ ------------- - 
layer 
t 
sapphire substrate 
t 
Figure 1: the n-doped (concentration lOE17/cm3) com- 
AIGaNIGaN 
detector layers 
pared with lOE15 for the as-grown epi-layer. 
Schottky photodiodes 
Photodiodes progress continues, especially those 
for solar blind applications many of which, 
although not necessarily creating high volume 
markets, are very important from defence or 
environmental points of view (missile, jet engine 
detection, flame, heat seeking detection, chemi- 
cal, biological detection, UV-spectrum astronomy, 
terrestial ozone detection). These may all benefit 
from Lv-transparent substrates. 
Ibrahim Kim&in et al from the Bilkent University 
in Turkey reported on their AlGaN based Schottky 
diodes with cut offs shorter than the required 
280nm wavelength and tunable in the 260 to 
340nm wavelength range.The AlGaN/GaN detec- 
tor layers (see Figure 1.) were grown on sapphire 
substrates after initial deposition of an AlN nucle- 
ation layer, followed by reactive ion etching to 
delineate the mesa structure and the ohmic con- 
tact area for the deposition of 1OOnm of titani- 
um/aluminium (TiAl). Either evaporated gold (Au) 
or sputtered indium-tin oxide (ITO) layers were 
used for the Schottky barrier contact regions, fol- 
lowed by silicon nitride passivation to protect 
the diodes. Both Schottky types exhibited break- 
down voltages above 50V and low dark current 
densities at a reverse bias of 25V (<9 nano 
amps/cmZ).The maximum responsivity values for 
these detectors were 44 milliamps per watt at 
263nm for the ITO-based and 89 mA/W at 274mn 
for the Au-based-chips, which correspond to 
respective quantum efficiencies of 21% and 47%. 
For 15Ox15Oy chips the leakage current is less 
than 1.8 nanoamp per cm3 at the same 25V bias. 
The above results provide the first example of a 
solar blind ITO-AlGaN based Schottky barrier 
photodiode solar blind/near-m device and 
contrast ratios that exceed three orders of magni- 
tude. They are also reported to be the best high- 
speed solar blind photodetectors available to date. 
Multi-wavelen h light 
generation (Ga on ruby) % 
An interesting method of generating muhi-wave- 
length light sources with potential for special 
applications was described by Andrew Oberhofer 
et al from NCSU. Here a transition element impu- 
rity is used as a dopant in the sapphire substrate 
to grow the active layers for multi-quantum well 
diodes. Either a ruby-(chromium 2, doped sap- 
phire) or a titanium-doped-sapphire-substrate 
was used to grow InGaN/GaN blue MQW LEDs 
by MOCVD in which the GaN is the source for 
the dual emission.The GaN layers (5 period- 
QWs) for the LEDs were 3.Onm thick and the 
InGaN 7.4nm to these dual 3OOx3OOy, ring con- 
tact devices. 
In the ruby supported device, electrolumines- 
cence from the chromium2+ in the pumped 
ruby substrate provides narrow band red emis- 
sion at 694nm.The blue emission from these 3V 
turn on LEDs at 420nm also provides the excita- 
tion for the chromium dopant, resulting in a two- 
colour light source, which through the substrate 
appears purplish to the eye.When titanium is 
used as the sapphire substrate dopant, the excit- 
ed sapphire emits a red to infrared band (700 to 
1OOOnm wide) plus the MQW blue, again offer- 
ing a two-band LED light source. Since oxygenat- 
ed blood is red and de-oxygenated blood is blue, 
similar light sources to dual wavelength LEDs 
may provide simple non-invasive blood analysis. 
AlGaN UV-emitters 
UV emitters are also receiving worldwide interest 
because of their potential for devices ranging 
from sterilisation to white light generation, possi- 
bly the largest future wide gap market. 
Improvements in current spreading in recently 
developed UVLEDs has greatly improved device 
performance. Steve LeBoeuf from the GE Research 
Laboratory, in cooperation with the University of 
North Carolina, reported on their use of a trans. 
parent conductor and 3 to 7 delta doped layers in 
the underlying ndoped AlGaN layer, a technique 
that reduced threading dislocation generation. By 
this approach, forward voltage could be reduced 
by as much as 2V with an operating current of 
2OmA. Matching the sheet resistance of the trans- 
parent p-contact to the adjacent n-layer helped 
to create uniform light emission at the 345nm 
wavelength, techniques that are also expected to 
be applicable to deep UV LEDs. Using this tech- 
nology, packaged UVLEDs and arrays producing 
up to double the light output were obtained from 
the unpackaged chips and 100 microwatts of UV 
power achieved from lOOmA drive currents.The 
authors reported that ionization of the acceptors 
by infrared illumination could be used to pump 
up low energy level holes in the p-AlGaN increas- 
ing the LED performance, that may be useful to 
improve performance of future UV lasers. 
Hydride Vapour Phase 
Fpitaxy (HYPE) for AlGaN 
Layer growth 
Device applications of HVPE for AlGaN/GaN het- 
erostructures was described by Vladimir 
Dimitriev et al from TDI in cooperation with the 
University of Florida.They reported the growth 
of sub-micron aluminium containing layers by 
BVPE, a potentially low cost process.This atmos- 
pheric pressure growth process was carried out 
a 1000°C on sapphire substrates to provide 
AlGaN layer thicknesses in the 30 to 50nm range 
and ahtminium contents between 20 and 30 
mol%. Since organometallic precursors are not 
used, the HVPE layers are carbon-free. Ultra-violet 
LEDs were fabricated on these substrates, pro- 
ducing output powers of 10 microwatts at 
340nm from a 20mA drive current using non- 
light output optimised structures. 
In other research based on HVPE processing, Ben 
Luo et al from Chemical Engineering Dept., the 
University of Florida, again in cooperation with 
TDI and Steve Pearton et al from Florida 
Materials Science Dept., described the first ever 
HVPE growth of AlGaN HEMTs (usually made by 
MOCVD or MBE processing). The device struc- 
tures including a GaN buffer were deposited at 
1020°C on 2” sapphire substrates, using gallium 
chloride and ammonia as the GaN sources. 
Measured rms surface roughnesses were in the 
0.2nm range over 10 x 10 micron areas indicat- 
ing very good surface morphology, with C-V data 
indicating high sheet charge levels at the GaN/ 
AlGaN interface and mobilities in the 1000 to 
I600 cmz/volt sec. range. A maximum drdm- 
source current of 0.6 amps/mm and transcon- 
ductances exceeding 1 IOmS/mm were obtained 
using a drain source voltage of 6~ from discrete 
HEMTs with gate dimensions of 1x100 or 1x200 
microns. Sharp pinch offs were obtained at 
-3.5V indicating the presence of a high quality, 
insulating GaN base layer. 
Heat resistance simulation 
for GaN/AIGaN devices 
The removal of heat from GaN and other wide 
gap based devices is an important consideration 
for operating lifetimes and recent data has indi- 
cated that heat removal from GaN epi-layers on 
Sic (or even sapphire) is often less than expect- 
ed from specific conductivity calculations. An 
understanding of any heat flow resistance at 
this boundary is very important to future device 
designs. Konstantin Philippov et al from the 
Nano-Device Laboratory at the University of 
California, Riverside have used a ‘diffuse mis- 
match model’ to simulate the thermal boundary 
resistance (TBR) at the interface between a Sic 
substrate and the process grown GaN epi-layers. 
Strong TBR effects have been observed for 
other materials systems and are partially 
dependent on the surface quality in the inter- 
face region. Prior measurements by the authors 
have shown that the temperature rise (and 
therefore the thermal resistance) for GaN HFET 
devices is different for those with doped and 
undoped channels. 
In the HFET structure shown in Figure 2, 
device channel temperature increases in the 20 
to 60% range have been postulated.Their calcu- 
lations indicate that the TBR for the HFET 
GaN/SiC interface to be in the 1.2 x 10.9mZK/W 
and could be large enough to strongly affect the 
temperature rise in the device channel, thus 
requiring special attention to heat removal from 
any device package for these and other wide- 
gap devices. 
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Figure 2: Layered structure of the AIGaNIGaN 
heterostructure field effect transistor 
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